Two atomizers were compared: an N 2 O-C 2 H 2 flame and a stabilized U-shaped DC arc with aerosol supply. Both the high plasma temperature and the reducing atmosphere obtained by acetylene addition to the argon stream substantially increase the sensitivity of boron determination by atomic absorption spectroscopy (AAS) when the arc atomizer is used. The results were compared with those for silicon as a control element. The experimental characteristic concentrations for both elements were compared with the computed values. The experimentally obtained characteristic concentration for boron when using the arc atomizer was in better agreement with the calculated value. It was estimated that the influence of stable monoxide formation on the sensitivity for both elements was about the same, but reduction of analyte and formation of non-volatile carbide particles was more important for boron, which is the main reason for the low sensitivity of boron determination using a flame atomizer. The use of an arc atomizer suppresses this interference and significantly improves the sensitivity of the determination.
INTRODUCTION
In our laboratory, a U-shaped DC arc, with argon as the supporting gas, has been used for a long time as the excitation source for spectrochemical analysis. The construction details of the arc device, designed for both emission and absorption analysis, have been described elsewhere. [1] [2] [3] The data for the use of this source in emission spectrometric analysis for the determination of 33 elements are given in Refs. 4 and 5. In spite of its very convenient design and shape for absorption measurements, its use in atomic absorption analysis has been rather limited. 2, 3, 6 In this work, the plasma of the U-shaped arc was investigated as an atomizer for atomic absorption analysis of boron. Boron belongs to the small group of elements that exhibit low sensitivity of determination by atomic absorption spectroscopy (AAS). Its characteristic concentration, even in the case of the very effective N 2 O-C 2 H 2 flame atomizer, is too high. When expressed in mmol/ml, it is two orders of magnitude greater than for most elements. This could be connected with the low efficiency of boron atomization. Because of its strong tendency to carbide formation, boron is also very difficult to determine in a graphite tube furnace. 7 The use of an inductively coupled plasma (IPC) as a free atom reservoir could solve the problem of low efficiency of atomization, but the strong atomic emission compared to the emission of the primary source, hollow cathode lamp, deteriorates its performance. For the majority elements, the measurements of atomic absorption along the diameter of ICP yields about 10 times smaller sensitivities than flame AAS, 8 but the very high emission intensity of the boron and silicon resonance lines hinder their absorption measurements.
In this paper, the measurements of the characteristic concentrations for boron using an arc and a flame as atomizers were performed on the same commercial atomic absorption spectrometer, and the results were compared with these obtained on a laboratory assembled spectrometer, which included a commercial Lock-in-amplifier and a mechanical chopper with a chopping frequency of 558 Hz. The results for silicon were also compared and used as control measurements.
EXPERIMENTAL

Arc device.
The arc column of the U-shaped DC arc was stabilized with combined gas and wall stabilization. A gas vortex formed the 50 mm long, cylindrically-shaped analytical part of the arc column which was convenient as a free atom reservoir for atomic absorption measurements. The arc with aerosol supply was operated at atmospheric pressure. A direct current of 6 A was used in all measurements. The arc device is a modified version of the model employed in earlier studies. [3] [4] [5] [6] The modified central segment enables the easy replacement of the burner head of an atomic absorption spectrometer with the arc device. This new construction gives two possibilities: (i) the arc device can be mounted on any commercial spectrometer, and (ii) the construction allows rotation around the vertical axis which enables selection of the optimal zone of the analytical part of the plasma column to be projected on the entrance slit of the monochromator. The cross-section of the arc device and the central segment are shown in Fig. 1 .
Spectrometers.
Absorption was measured with a Perkin-Elmer atomic absorption spectrometer, Model 360 with a digital read-out unit UDR-3. An argon filled hollow cathode lamp of boron (Perkin-Elmer Intensitron HCL) was used as the primary source.
For the plasma temperature and the line profiles measurements a 2-meter plane grating spectrograph PGS-2 (Carl Zeiss) with a laboratory made attachment for photoelectric detection was used as the monochromator. Two interchangeable gratings were used: a Zeiss standard grating, 651 grooves/mm, blazed at 330 nm and Bausch and Lomb echelle grating, 316 grooves/mm, blaze angle 63º26.
Operating conditions.
Argon, with a flow rate of 3.96 l/min, was used as the carrier gas for the arc atomizer. A small acetylene stream of 0.08 l/min was admixed to the carrier gas to obtain a reducing environment. The aerosol density was assessed to be 0.030 g of solution per liter of carrier gas-argon. The volume flow rates for the flame were: 13.1 l/min for N 2 O and 9.6 l/min for acetylene.
The rate of liquid aspiration for the flame and the arc (6.52 ml/min and 4.88 ml/min, respectively) were determined by aspiration of 100 ml of water.
The details of the instrumental set-up and the operating conditions are shown in Table I .
RESULTS AND DISCUSSION
The numerical estimation of the characteristic concentration (the concentration required to produce 1 % absorption) can be evaluated, for given experimental conditions, from the basic equation relating the integrated absorption coefficient to the number density of free atom in the ground state, n p , and the absorption oscillator strength, f pq : 9 In analytical atomic absorption spectroscopy, instead of the integrated absorption, the absorption at the peak of the absorption line is measured. Inserting numerical values for the constants in the SI system (introducing decadic absorbance and awssuming a Gaussian profile) the basic relation becomes:
where A n0 is the peak absorbance, dl D (m) the Doppler width of the absorption line, l 0 (m) the wavelength in the center of the analytical line, l (m) the absorption path length, f pq the absorption oscillator strength, and n p is the number density of a free atom in its ground state (in m -3 ). If one considers the molar concentration in the absorption cell (in mol/m 3 ), which is more frequently used in chemistry, instead of the number density, Eq. (2). becomes:
Relating the molar concentration in the absorption cell, (c M ) gas , to the molar concentration of a sample in solution including the dilution factor, f d , and considering the correction factors from the literature data for sensitivity, 8, 10 one finally obtains for the sensitivity S (in m 3 /mol) the following relation:
where g p is the statistical weight of the lower level and Z(T) the partition function. When the half-intensity width of the source emission line is taken into account, as defined in Refs. 8 and 10, the following relation gives the effective width of the absorption line:
where dl a is the half-width of the absorption line in the arc (or dl f for the absorption line in the flame) and dl HCl is the half-width of the emission line from the HCL.
The characteristic concentrations were evaluated from:
In the calculation of the characteristic concentration it was assumed that b s b V f c (1 -b i ) = 1. The characteristic concentrations calculated in this way should be considered as ideal because they are calculated assuming that the atomization of the analyte (that reaches the atomizer) is complete and that ionization is absent.
The half-intensity widths of the investigated analytical lines emitted in the DC arc and the boron hollow cathode lamp were evaluated from the measured profiles obtained with a high resolution echelle grating. Correction for instrumental broadening was estimated by measurements of the iron emission lines from the HCL. The half-width of the boron emission line was rather large (15 pm) because the argon filled HCL emits abnormally broad boron lines. 11 The consequence of this is that the sensitivity of boron determination is about three times lower than when a neon filled lamp is used. However, the radiation from an argon filled HCL is more intense then from a neon filled HCL. Because of the necessity of a high emission intensity of the arc used as a free atom reservoir, the use of an argon filled HCL was indispensable. The half-width of the silicon emission line was calculated in terms of the Doppler half-width corresponding to an average HCLtemperature of 500 K. Data concerning the half-width of the analytical lines, measured and calculated, are shown in Table II . The temperature of the arc plasma was measured by the method of the relative intensities of iron lines. 12 For the observed horizontal part of the arc column, a value of 5600 K was obtained. The flame temperature was taken from Ref. 13 . The electronic partition functions were evaluated from the data in Ref. 14, and the gf values were taken from Ref. 15 .
The dilution factors, f d , were calculated from the aerosol density 16 (0.030 g of solution per 1 l of argon at room temperature) and corrected for gas expansion due to the temperature of the corresponding atomizer.
From the spectroscopic data given in Table II , the sensitivities S were evaluated using Eq. (4). From these values, the characteristic concentrations for both the investigated elements and for both the atomizers, arc and flame, were calculated. The experimental values of the characteristic concentrations were evaluated from the slope of the analytical curves. Since the results for boron obtained on the two spectrometers were somewhat different, those obtained on the laboratory assembled set-up operating at a higher chopper frequency were preferred. The obtained values are summarized in Table III . For the flame atomizer, a comparison of the calculated and experimental characteristic concentrations shows that the sensitivity of the boron determination is about 70 fold smaller than that predicted by the calculation. The corresponding value for silicon is only about 6 fold smaller than the predicted value. For the arc atomizer, the experimental sensitivities are in better accordance with the calculated values for both elements.
Silicon was chosen as the control element since, under the given experimental conditions, it behaves in the same way as boron in the gaseous phase of both atomizers. Boron and silicon have very similar ionization energies (8.296 eV and 8.149 eV, respectively), and also the excitation energies of the investigated analytical lines are about the same (4.96 eV and 4.95 eV). The thermodynamic quantities for monoxides and monocarbides are about the same for both elements. The fact that the intensities of the lines for both elements are enhanced by about 30 % on acetylene addition to the carrier gas suggest that the formation of monoxides contributes less to the atomization efficiency than the formation and vaporization of non-volatile compounds. It is supposed that the main reason of the low atomization efficiency of boron and of its low determination sensitivity in the flame atomizer is the formation of non-volatile metal and carbide particles. When the DC arc atomizer is used, the temperature is sufficiently high to compensate this effect. The difference between boron and silicon could be explained by the formation of a refractory compound, probably B 4 C. The carbides of silicon are less stable and could be dissociated in the fuel rich flame.
CONCLUSION
The high plasma temperature of the U-shaped DC arc close to the axis zone enables the complete dissociation of stable boron molecules. However, due to the high plasma temperature, the gas expansion decreases the concentration of free atoms and greatly increases the spectral emission intensity in the absorption cell which hinders the absorption measurements. The addition of hydrocarbons to the plasma supporting gas (argon) creates a reducing atmosphere which prevents the formation of stable monoxide at lower temperatures making the cooler, peripheral plasma zone, the temperature of which are close to the optimal one, suitable for absorption measurements.
For the DC arc, the experimentally obtained characteristic concentrations are comparable to the calculated values, which indicates almost complete atomization. Upore|ena su dva atomizatora: N 2 O-C 2 H 2 plamen i stabilizovani jednosmerni luk U-oblika. Kada se kao atomizator koristi luk visoka temperatura plazme i redukciona atmosfera, dobijena dodavawem acetilena struji argona, bitno pove}avaju osetqivost odre|ivawa bora atomskom apsorpcionom spektroskopijom (AAS). Rezultati su upore|eni sa rezultatima dobijenim za silicijum kao kontrolni element. Eksperimentalne karakteristi~ne koncentracije za oba elementa su upore|ene sa izra~unatim vrednostima. Karakteristi~na koncentracija za bor, eksperimentalno odre|ena sa lukom kao atomizatorom, pokazivala je boqe slagawe sa izra~unatom vredno{}u. Proceweno je da je uticaj formirawa stabilnih monoksida na osetqivost pribli`no ista za oba elementa, ali da su redukcija i formirawe neisparqivih~estica karbida zna~ajniji kod bora, {to predstavqa glavni razlog male osetqivosti odre|ivawa bora plamenim atomizatorom. Upotreba luka kao atomizatora suzbija ove interferencije i zna~ajno poboq{ava osetqivost. (Primqeno 13. marta 2001) 
